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Abstract 
An experimental work has been conducted in the laboratory to investigate the behavior of several precast concrete beam-to-
column connections prepared to achieve the constructability aspect of structures. The study was performed on interior connect ion 
specimens as part of a system of moment-resisting frame, and the emphasis was put on their response behavior to cyclic loading. 
By observing the deformation of the structure, as was recorded via transducers and strain-gauges attached to it, an overview of 
the connection’s behavior characteristics was obtained. The overall performance of the connection could be determined by 
comparing its parameters with that of an equal monolithic connection. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1. Introduction 
In a building with a moment-resisting frame (MRF) system, the connection between beams and columns has to be 
designed and prepared carefully. With an intention to either withstand or not withstand a certain reversal loading 
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(e.g. earthquakes), structural analyses and evidences derived from structures experiencing a state of failure or near-
failure have shown high intensity of internal forces occurred in the vicinity of beam to column assemblies [5, 6]. In a 
seismically-active region, violent responses of a building due to a series of reversal loading from an earthquake can 
cause serious damage at connections that may lead to the failure of the entire structure. Hence, in general, the need to 
have beam-to-column connections (BCC) having good performance in an MRF structure shall not be disregarded. 
A BCC, being part of connections in general, gets special attention from most major building codes. According to 
the ACI code, a connection is either a strong or ductile one, as can be found in Art. 21.8 of the code [2]. The PCI 
Design Handbook explains six criteria in designing a connection, as has been mentioned in Art. 6.3. They are 
strength, ductility, volume change accomodation, durability, fire resistance, and constructability [7]. The ASCE-SEI 
7-05 describes criteria of the connections in Art. 1.3 and 1.4, i.e. strength, serviceability, self-straining forces, 
analysis, counteracting structural actions, and structural integrity [4]. From the above-mentioned points of interest, it 
can be extracted two prominent performance characteristics distinguishing one BCC from the others, they are: (1) 
strength, and – (2) ductility.  
The main advantage of a precast concrete structure is its constructability, i.e. its ease and speed in construction. 
By standardizing component products and avoiding reinforcing bar congestion in connections, the constructor can 
carry out his field project more easily and within a shorter time period. The optimum economic value will be 
obtained by putting performance and constructability points of view in a balanced state.  
In this paper, the experimental study on four types of constructable precast reinforced concrete BCC with U- and 
L-bent bar anchorages placed outside the column panel will be elaborated. 
2. The specimens and testing scheme 
In some MRF structures, BCCs are prepared by wet method and are often emulated as monolithic connections. 
Such methods are preferred by engineers in many countries, especially those situated in high-seismicity regions. 
From a monolithic MRF, BCC analyses can be carried out by modeling it separately as a sub-assembly, as is shown 
in Fig. 1. In this experimental work, a study has been conducted on five types of interior connection, four specimens 
were of main interest of the research and one was a monolithic connection, acting as a benchmark. The report on this 
work will be presented in this paper. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. BCC sub-assemblies in an MRF. 
The BCC specimens were designed as part of a quick-built intermediate-rise MRF. According to ACI 318-08 [2] 
and ACI-ASCE 352-2002 [1], a cast-in-place monolithic beam-to-column connection shall be designed to satisfy 
strength and ductility requirements. First of all, the sum of column moments must be greater than sum of beam 
moments: 
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where 6Mnc is the sum of moments of all column ends framing at the connection, and 6Mnb is sum of moments of 
all beam ends framing at the point. 
Beam deformed bars in tension terminating in a standard hook shall be embedded in column with development 
length: 
                                                                  ......................................................................................................         (2) 
 
where ldh is the development length of the beam bars end,  fy is the yield strength of the reinforcement bar, fc’ is the 
concrete cylinder strength, and db is the bar diameter. For normal-weight concrete and uncoated bars: \e = 1 and: O 
= 1. 
To prevent shear failure prior to the formation of plastic hinge in the beam, the nominal value of horizontal shear 
strength in the connection is as follows: 
                                       ................................................................................................................................          (3) 
where bj is the width of the connection, and hc is the height of column section. The factor J is taken as 1.70 for 
connection confined at 4 sides, 1.30 if confined at 3 sides, and 1.00 for other cases. 
In case where rectangular hoops and horizontal crossties are used as transverse reinforcements in the connection, 
the total cross-sectional area in each direction of a single hoop shall be at least equal to: 
                                                                            ............................................................................................         (4) 
 
where sh is the hoop spacing, and bc is the width of column section, Ag is the gross area of column section, Ach is the 
core area of the column section, and fyh is the yield strength of the hoop steel.  
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 Fig. 2. BCC specimens investigated in this research 
(a) Specimen 1 – monolithic 
(b) Specimen 2 – with U-bent bar anchorage 
(c) Specimen 3 – with L-bent bar anchorage 
(d) Specimen 4 – with U-bent bar anchorage 
(e) Specimen 5 – with L-bent bar anchorage 
The calculation result was then applied as a standard connection, which would be established as a benchmark 
named BCC Specimen 1. With respect to it, Specimens 2 to 5 were designed using similar characteristics but 
different connection bar detailing. Illustrations of such specimens are given in Figs. 2-(a) to 2-(e). Note that 
Specimens 2 and 4 use U-bent bars as anchorages, while Specimens 3 and 5 use L-bent bars. 
The execution of making the specimens were arranged in order to imitate the sequence of construction in the field 
as closely as possible. At first, the lower part of the column and precast beams could be made separately in different 
places. Then the two beams were set on their positions, with both ends of the protruding bars fitted intermittently 
with anchor bars which had been embedded in the concrete column. The concrete mix for connection and 
overtopping could be poured after the connection’s confining hoops were installed, overtopping bars were inserted, 
and forms of the connection were fixed. The illustration is given in Fig. 3. 
 
 
 
 
 
 
 
 
Fig. 3. Brief illustration of making the specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4. Measuring instruments attached to the BCC specimen 
(a) LVDTs placement 
(b) Strain-gauge assignation 
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Prior to the loading, several measuring instruments were attached on the specimens to observe the deformation 
occurred. They were LVDTs (linear variable displacement transducers) to read the displacement of the structure and 
strain-gauges to measure the elongation of the reinforcing bars. The BCC specimen was then installed in the loading 
test machine to examine its response behavior due to cyclic loading. The loading was applied on the column tip as 
displacement loading. The configuration of the transducer placement is shown in Fig. 4-(a) and the strain-gauge 
assignation scheme is presented in Fig. 4-(b). The loading set up is as shown in Fig. 5-(a), the schematic diagram of 
load – displacement relation is as seen in Fig. 5-(b), and graph of the loading history is given in Fig. 5-(c). 
3. Test results – LVDT reading 
LVDT is used to quantify and record the displacement of the structure at the determined point and direction of 
movement. To get a more comprehensive outline on its behavior, twenty LVDTs at each BCC specimen were 
attached. For the purpose of this study, only one LVDT is considered, because it is regarded sufficient to provide an 
overview on the response of the specimen to the applied load. The designated LVDT is Tr-1, which is used to 
measure the horizontal displacement at the top end of the column. Graphs of the hysteretic response of load – 
displacement relation of five BCC specimens are presented in Figs. 6-(a) to 6-(e). From the figures, the horizontal 
axis shows the amount of the column tip lateral displacement, G, in the order of % drift, while the vertical axis shows 
the magnitude of lateral load needed to produce it, P, in tonf. 
As can be seen from the figures, the resulting graphs are not ‘fat’ but rather necking around its neutral zone. This 
indicates that load has shifted from ‘flexure-dominant’ to shear. As cracks formed in the panel, slip of the steel 
along the column depth is resulted, and the response outcome is a pinched loop. This is typical in cases of 
monolithic connections or strong connections, in which plastic hinges are developed in the panel or column [8].  
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Fig. 5. Cyclic loading test as was applied on BCC specimen 
(a) Specimen set up in the loading test machine 
(b) Schematic diagram of load – displacement relation 
(c) Cyclic displacement loading history 
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 Fig. 6.  Graphs of hysteretic load – displacement resulted in this research 
(a) BCC Specimen 1 – monolithic 
(b) BCC Specimen 2 – with U-bent bar anchorage 
(c) BCC Specimen 3 – with L-bent bar anchorage 
(d) BCC Specimen 4 – with U-bent bar anchorage 
(e) BCC Specimen 5 – with L-bent bar anchorage 
4. Test results – Strain-gauge reading 
Strain-gauges are widely used for physical force measuring, mainly in mechanical and civil engineering. There 
are a number of ways to measure strain mechanically and electrically, but vast majority of stress measurement is 
carried out using strain-gauges due to their superior measurement characteristics. As has been known, when an 
external force is applied to a ferritic material, it will generate a physical deformation and an electrical resistance 
change in the material. If such a material is stuck onto the test specimen via electrical insulation, the material 
produces a change of electrical resistance coresponding to the deformation. Strain-gauges, which consist of material 
electrical resistance, are able to measure strains proportional to the resistance change. 
In this experimental work, the FLA-6-11 strain-gauges from TML brand have been used. They were attached 
onto reinforcement bars and the tails were connected to electrical cables that will be plugged into a logger terminal. 
Each gauge is capable of measuring strain as much as 5% = 50,000 × 10-6 (or PH. Steel for reinforcing bars used in 
this project is of the class KS Bj.TD-16 (yield stress : fy = 4980 kg/cm2, strain at yield : Hy = 0.002371, strain at 
strain-hardening : Hsh = 0.017784). For measuring purpose in this research, the assigned strain-gauge is sufficient. 
From the records obtained, the load applied in this research only generated strain in the reinforcing bars not greater 
than 6,000 PH(or 0.6%). There were 43 strain-gauges attached onto reinforcement bars of Specimen 1, 56 on 
Specimen 2, 51 on Specimen 3, 56 on Specimen 4, and 51 on Specimen 5. 
Examples of strain-gauge reading are shown in Figs. 7-(a) to 7-(d). In Fig. 7-(a), the strain-history of beam main 
bar of SG-25 is presented. Note that the bar encountered its first yielding at cycle number 19, loading point number 
LP-446, and the strain quantity was 2,375 PH = 0.002375. In Fig. 7-(b), it is shown that the beam hoop, represented 
by SG-28, did not yield at all. Also presented below are the strain histories at SG-12 (beam bar in the panel zone) 
and SG-6 (column bar), as is shown in Figs. 7-(c) and 7-(d). 
 
(d) (e) 
(a) (b) (c) 
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 Fig. 7.  Strain-history recorded from several strain-gauges. 
            (a). SG-25 – beam main bar                        (b). SG-28 – beam hoop     
            (c). SG-12 – beam bar in the panel zone     (d). SG-6   – column bar 
 
Again, it is shown in Fig. 7-(c), that SG-12 has reached its first yield at 23rd cycle, at LP-557, and the strain was 
as high as 2,410 PH = 0.002410, while the column bar, as has been represented by SG-6, reached its first yield at 
39th cycle, LP-982, and its strain value was 2,380 PH = 0.002380. 
5. Evaluation on performance 
There are two important points of performance of all BCC specimens, as introduced above, which will be 
discussed in more depth, i.e. strength and ductility. From the point of terminology, strength or limiting strength is 
defined as a value above which a material or a structure ceases to bear further loading. Ductility is described as 
ability of a material or a structure to experience a large amount of deformation after yielding while still maintaining 
its original strength. For a quick comparison, the strength of the structure can be illustrated through backbone curve. 
This curve shows the magnitude of the load needed if the structure had to undergo increased displacement. In Fig. 8, 
it is shown strength comparison of BCC Specimens 1 to 5. 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Strength comparison of the five BCC specimens via backbone curves. 
(d) (c) 
(b) (a) 
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From Fig. 8, it can be seen that each of BCC Specimen 2 to 5 does not possess strength as high as Specimen 1. 
The discontinuity of reinforcing bars and the use of concrete mix that was cast later has resulted in a less rigid 
connection of BCC Specimens 2 to 5 when compared to BCC Specimen 1. The five BCCs  are ranked according to 
their strength from the highest to the lowest as Specimen 1 – 4 – 2 – 5 – 3. 
To discuss ductility issues, it is required to draw a bilinear curve, which is able to outline a good representation of 
the structure’s response ordinates as a function of incrementing cyclic excitation. Within the curve, the values of 
load and displacement of the structure in two circumstances will be pointed out, i.e. first yield and ultimate 
condition. The ductility factor is determined from the ratio between the ultimate displacement and the displacement 
at first yield, while the overstrength factor is the ratio between the ultimate load and the load at first yield. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Hysteretic response curve overlaid with backbone and pushover curves. 
For this purpose, two methods may be used. The first way is to construct the backbone curve, such as is shown in 
Fig. 8 above. This curve is made by connecting coordinate points of peak response in each cycle. The second way is 
to draw a pushover curve. A pushover curve contains information about the magnitude of thrust required to provide 
a certain amount of displacement of structure. Pushover analysis is usually included in standard package of 
structural analysis softwares, such as SAP2000, ETABS, etc. In Fig. 9, it is shown a hysteretic response curve with 
the overlaid path of backbone and pushover curves. From the figure, it can be concluded, that the pushover method 
with kinematically bilinear approach yields the best approximation. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Bilinear curve derived from idealized pushover curve. 
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Fig. 10 presents a method to draw a bilinear curve by idealizing the pushover curve. From the resulted curve, it 
can be pointed out : Y(+) = (0.82, 16.25), U(+) = (5.07, 18.83), Y(-) = (-0.82, -15.15), and U(-) = (-5.11, -16.21). 
The ductility : 
5.07 6.18
0.82
P         or :   5.11 6.23
0.82
P           The mean value is : 
6.18 6.23 6.21
2
P    
The overstrength factor :  
18.83 1.16
16.25o
R       or : 16.21 1.07
15.15o
R           The mean value is : 
1.16 1.07 1.12
2o
R    
Using the similar method, values of overstrength and ductility factors for the four other BCC specimens are 
obtained. The results are summarized in Table 1 below. 
Table 1. Ductility P and overstrength factor Ro for BCC Specimens 1 to 5. 
 Parameter to consider    BCC Specimen 1    BCC Specimen 2    BCC Specimen 3    BCC Specimen 4    BCC Specimen 5 
 Ductility, P      
 Overstrength, Ro  1.12 1.09 1.22 1.14 1.25 
 
6. Discussion 
Compared with BCC Specimen 1 as a benchmark, all four other specimens indicated lower values of strength. 
This makes sense, as parts of concrete elements poured not at the same time are not as strong as those with a 
monolithic cast. Besides that, reinforcing bars which are mounted discontinuously are surely not able to transfer 
forces as perfectly as bars with continuous installation. 
Compared with BCC Specimen 1, the four other specimens have shown slightly higher ductility values. Besides 
that, judging from the overstrength factor, only BCC Specimen 2 featured a lower value than the BCC Specimen 1. 
The indicated hysteretic curves resulting in a pinched shape are not much of a concern as because their similarity 
with the shape shown by benchmark. In general, indeed, specimens with pinched curves show a more inferior 
performance compared to those with fat curves. The reason is that specimens with fat curves perform a higher 
capacity of energy dissipation than those with pinched curve. 
Nevertheless, tests on five specimens displayed paths of cyclic response which remained stable up to 5% drift. It 
seems that specimens may still be able to withstand further loading, possibly with 6%, 7% or even 8%. (The loading 
was stopped at 5% due to the limitations of testing machine). Compared with code requirements of 3.5% drift, this 
ability to survive at 5% would certainly be a more distinct advantage. 
7. Conclusions 
It has been invented some new type of wet working for precast reinforced concrete beam-to-column connections 
as part of an MRF structure. The connections, which were intended to take benefit of constructability aspects, it also 
evidently demonstrated higher ductility and overstrength factor than equivalent monolithic specimen. Despite their 
deficiencies in the pinched shape of response curve resulted and lower values of strength than the monolithic one, all 
specimens indicated stable paths of hysteretic response curves up to 5% drift, a limit that exceeds code specified 
requirement. 
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